Lumican, an extracellular matrix proteoglycan was previously shown to be upregulated with increasing severity of nonalcoholic steatohepatitis (NASH). Although lumican is involved in collagen fibrillogenesis in extra-hepatic tissues, little is known about the role of lumican in hepatic disease. We therefore determined lumican expression in etiologies other than clinical NASH. Our results indicated that lumican is upregulated in clinical samples of hepatitis C virus infection, in experimental rodent models of chronic and acute liver injury and could additionally be induced in vitro in response to the pro-fibrotic cytokine transforming growth factor b1 (TGFb1) and to lipotoxic palmitic acid. Together, these results suggested a role for lumican in hepatic fibrosis. To investigate the functional role of lumican in hepatic fibrosis, lumican null (Null) and wild-type (WT) littermates were administered carbon tetrachloride intra-peritoneally. Serum and liver tissue were analyzed for indices of liver injury, fibrosis, matrix turnover, and proliferation. Hepatic fibrosis was greatly reduced in null animals (Po0.05). Paradoxically, gene expression of fibrosis-related genes such as TGFb1 and collagen 1 was numerically higher in null animals though statistically insignificant from WT animals. On the other hand, a smooth muscle actin expression (a-SMA), a marker for activated fibroblasts, the main contributors of collagen production was significantly higher (Po0.05) in null animals as compared with WT littermates. Among the matrix metalloproteases (MMP), MMP13 was significantly increased (Po0.05) in null animals. Ultra-structural imaging indicated differences in the organization and spatial distribution of hepatic collagen fibrils of null and WT mice. Cell proliferation was significantly increased (Po0.05) in null animals. We conclude that lumican is a prerequisite for hepatic fibrosis. The protective effect of lumican deficiency in hepatic fibrosis appears to be downstream of collagen production and mediated through the combined effects of impaired collagen fibrillogenesis, increased matrix turnover, and an enhanced proliferative response.
Hepatic fibrosis, the common end point of many forms of chronic liver injury 1 is characterized by increasing accumulation of collagen in the matrix resulting in 'scar' tissue. 2 A cascade of molecular events follows the initial onset of cellular injury involving multiple cell types, signaling molecules, and interconnecting pathways that continue to be identified and delineated. Recently, we reported that lumican a 38-kDa ECM proteoglycan, was significantly and progressively overexpressed in the hepatic proteome of patients with increasing severity of nonalcoholic steatohepatitis (NASH) and fibrosis, 3 raising several fundamental questions pertaining to its expression in etiologies other than NASH and its regulation in response to known mediators of hepatic liver injury and fibrosis.
Lumican belongs to the small leucine-rich (SLRP) family of keratan sulfate proteoglycans. 4, 5 It has a well-established role in collagen fibril assembly in nonhepatic tissues, particularly the cornea, where fibril assembly is crucial to corneal transparency. 6 Lumican knockout mice are characterized by an abnormal connective tissue phenotype, with fragile skin and cloudy cornea with thick or irregular collagen fibrils. 7 Defects in connective tissue in mice deficient in SLRP's are associated with a wide array of other diseases resulting from abnormal collagen fibrillogenesis ranging from arthritis to muscular dystrophy. 8 Recently, multiple other functions of lumican have been demonstrated: regulation of angiogenesis 9 cell-cycle initiation, 10 cell proliferation, 11, 12 cell migration, 13 TLR4 signaling, 14 and Fas-meditated immune activation. 15, 16 In the context of these known pleiotropic effects of lumican in other tissues, 17 we speculated that lumican may play a diverse role in the pathophysiology of hepatic disease in humans. We sought evidence of hepatic lumican expression in etiologies representing three of the most common causes of acute and chronic hepatic injury: diet-induced steatohepatitis, drug toxicity, and viral infection. In all instances, lumican was upregulated. We also determined the in vitro regulation of lumican in response to pro-fibrotic transforming growth factor b1 (TGFb1) signaling in primary human hepatocytes. Given its well-established role in collagen fibrillogenesis in nonhepatic tissues, 6 we hypothesized that lumican deficiency might protect against hepatic liver injury and fibrosis. We used the well-established rodent model of CCl4-induced hepatic fibrosis to determine if lumican-deficient mice were protected against liver injury and fibrosis.
MATERIALS AND METHODS Experimental Animals
All animal experiments were conducted with the approval of the Institutional Animal Care and Use Committee of the Mayo Clinic. C57Bl/6 mice were assigned to two experimental feeding groups as described earlier. 18 Briefly, animals were fed either a 'Fast food' (FF) diet (20% saturated fat, 2000 p.p.m. cholesterol, 76A, TestDiet) or 'Standard chow' (SC) (5% fat, 120 p.p.m. cholesterol, Diet Pico Lab). Additionally, both groups were provided with fructose (23.1 g/l, F2543; Sigma Aldrich, USA) and glucose (18.9 g/l, 49 158; Sigma Aldrich, USA) in their drinking water. Animals were reared for 6 months and sacrificed by carbon dioxide (CO 2 ) inhalation. Liver was excised and preserved in 10% buffered formalin or flash frozen and stored at À 80 1C for recovery of RNA.
In separate experiments, breeding pairs of lumican heterozygous mice received from Winston W-Y Kao, University of Cincinnati, OH, were used to establish a colony. Six-to eight-week-old null and WT littermates were injected intraperitoneally with either carbon tetrachloride (CCl4) diluted 1:5 with corn oil (n ¼ 6) or vehicle (corn oil only) at 1 ml/kg in an acute liver injury model (single injection only) or for a period of 1 month, twice weekly, in a chronic liver injury model. Animals were euthanized on the second day after the last CCl4 injection as described above. Serum AST was analyzed using automated procedures of the Mayo Clinic, Rochester, MN, USA.
In Vitro Assays with Primary Human Hepatocytes and HuH7 Cell Line All experiments on human tissue samples were reviewed and approved by the Institutional Review Board of the Mayo Clinic. Primary human hepatocytes were isolated from surgically derived tissue. 19 Isolated hepatocytes were plated in 100 mm collagen-coated Petri dishes or six-well collagencoated culture plates at 3 million hepatocytes/plate. Hepatocytes were allowed to settle overnight; culture medium was changed and TGFb1 added to medium. Cells 
RNA Isolation and Quantitative RT-PCR
Total RNA was isolated from frozen liver tissue or cell pellets using the RNeasy Plus kit (Qiagen, GmbH, Germany). Equal quantities of total RNA was reverse transcribed into cDNA (05081866001, Roche, USA). Real-time PCR was performed on an iCycler (Bio-Rad, USA) in a volume of 20 ml using Lightcycler 480 SYBR green1 Master (12239264001, Roche, USA). Primers are listed in Table 1 . RNA expression was normalized to the combined average expression of two housekeeping genes, 18S and GAPDH. Data are presented as relative expression.
Ultra-Structural Imaging
Healthy, age-matched lumican null or WT animals were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/ kg). The liver was perfused with heparinised saline followed by 2% glutaraldehyde in phosphate buffer (pH 7.4). Excised liver was preserved in Trump's buffer before secondary fixation in 1% osmium tetraoxide and embedded in epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate and visualized in a transmission electron microscope (Philip Cm10 TEM) of the Electron Microscope Core Facility, Rochester, MN, USA.
Collagen Fibrillogenesis Assay
Collagen fibril formation was measured as previously described 21 with the following modifications. Turbidity was measured at 340 nm in a UV sensitive 96-well plate (353261, BD Falcon microplates) using a total volume of 100 ml at 30 1C in a plate reader (DTX 800, Beckman Coulter, USA). Each assay consisted of 50 ml of acid extracted type 1 rat tail collagen (BD Bioscience, USA) at 1 mg/ml (pH corrected to 7.2) and 50 ml of recombinant rhlumican (2847-Lu; R&D Systems)
Lumican in hepatic fibrosis A Krishnan et al using 1 Â PBS as diluent. All solutions were maintained at 4 1C. Collagen was added to the proteoglycan, mixed by pipetting and reading initiated immediately. Turbidity was measured every 2 min for 60 min. Readings were blanked against the diluent buffer. Data were compared with collagen without rhlumican. Background readings of rhlumican at all doses and for all time points were monitored.
Statistical Analysis
Data are presented as mean ± s.d. representing replications within an experiment. For all mouse experiments, the Kruskall-Wallis test was used to arrive at a global P-value. A P-value o0.05 was considered significant. Those parameters that tested below 0.05 were further analyzed by the Wilcoxon-ranked sum test for significance using two-sample normal approximation.
RESULTS

Lumican Expression is Upregulated in Multiple Disease Etiologies
Lumican gene expression was examined in response to liver injury in two rodent models: diet-induced steatohepatitis and hepato-toxin (CCl4) induced acute necro-inflammation; and additionally in clinical samples of Hepatitis C Virus (HCV) infection. In the first instance, prolonged feeding with FF diet was shown to induce steatohepatitis with fibrosis. 18 Immunostaining for lumican indicated that in animals fed SC, lumican was localized primarily to hepatic sinusoids ( Figure 1a ). By contrast, in animals reared on FF, lumican staining showed a mosaic pattern similar to that seen in NASH patients, 3 where additional dense staining is visible in almost all hepatocytes, particularly around fat vacuoles and areas of inflammation (Figure 1b) . Similarly, lumican was localized to sinusoids in mice administered vehicle ( Figure 1c ) whereas in animals administered CCl4, hepatocytes clustered around areas of necro-inflammation were intensely stained (Figure 1d ). The differential localization of lumican in response to injury suggested that there may be multiple cellular sources for lumican within the liver. We compared immunostaining patterns for ASMA (a marker of activated pro-fibrotic cells) and for lumican in serial sections of individual animals to distinguish relative in vivo and in situ contribution of lumican by hepatocytes and stellate cells/myofibroblasts. In both FF-and CCl4-treated animals, individual intact hepatocytes and/or clusters of necrotic hepatocytes stain intensely for lumican (Figures 1e and g ). ASMA staining, on the other hand, is localized only to the hepatic sinusoids (Figures 1f and h ) with no staining in necrotic hepatocytes, suggesting that during inflammation and injury, hepatocytes may also contribute to hepatic lumican production. Further, we compared lumican gene expression in three cell lines representing different hepatic cell types: HuH7 (hepatocyte), LX2 (stellate), and H69 (cholangiocyte). Lumican gene expression normalized to total RNA in the hepatocyte cell line HuH7 was comparable to that of normal human liver with lower expression in the cholangiocyte and stellate cell line (Supplementary Figure 1) . Digital image analysis confirmed that lumican protein was twofold increased in FF-fed (Po0.01) and fivefold increased in CCl4-treated (Po0.005) animals. Gene expression analysis (Figures 2b and c) .
Lumican Expression is Upregulated In Vitro by Pro-Fibrotic and Lipotoxic Signaling
Since an increased expression of TGFb1 is a common response to acute and chronic liver injury, 22, 23 we examined the in vitro effect of TGFb1 on lumican expression in primary human hepatocytes over a period of 72 h. Lumican gene expression was significantly upregulated at all time points (Table 2) . Similarly, lumican was over-expressed in HuH7 cells exposed to TGFb1 (Supplementary Figure 2) . Additionally in HuH7 cells, exposure to palmitic acid was associated with a threefold increase in lumican expression (P ¼ 0.05) as compared with a twofold increase when exposed to stearic acid.
Lumican Null Mice Are Not Protected Against Hepatic Injury or Inflammation
Lumican has an established role in collagen fibrillogenesis in nonhepatic tissue. 6 Taken together with our observations on increased lumican expression in vivo in response to injury and in vitro in response to TGFb1 signaling, it appeared likely that lumican may play a role in hepatic fibrosis. To better understand the functional role of lumican, we used the Figure 3 Lumican is over-expressed with CCl4 administration. Lumican null or WT animals were administered CCl4 (n ¼ 6) or vehicle (n ¼ 4) twice weekly for 1 month @ 1 ml/kg. Lumican immunostaining is minimal in null animals. By contrast, in WT animals, lumican staining closely approximates the bridging lesions seen typically in hepato-toxin induced chronic liver injury. Hepatocytes clustered around areas of tissue injury (bridging vein to vein) and inflammation stain intensely for lumican in addition to the hepatic sinusoids. Magnification: Â 200.
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well-established rodent model of CCl4-induced liver injury to determine whether lumican deficiency protected against hepatic fibrosis. We first confirmed that injury was mediated equally in WT and null animals. We determined that gene expression of CYP2E1, the cytochrome that mediates biotransformation of CCl4 to hepato-toxic CCl 3 was similarly regulated in both genotypes (Supplementary Figure 3) . As expected, immunohistochemical and gene expression analysis indicated that lumican was minimal in null mice (Figure 3 ). Distribution and localization of lumican in WT animals was similar to that observed earlier in the acute liver injury model. Of note, lumican staining in WT animals approximated the bridging fibrosis typically associated with chronic hepato-toxin mediated liver injury reinforcing the notion that increased lumican expression is a consequence of injury. Lumican gene expression was fourfold and protein expression was twofold significantly up-regulated (Po0.05) in WT animals administered CCl4 as compared with their vehicle controls. Serum AST, an indicator of hepatic injury, was numerically higher in null animals but was not statistically different from the WT littermates (Table 3) . Histological evaluation of H&E-stained tissue sections revealed characteristic patterns of injury associated with hepato-toxicity in both null and WT animals. Chronic CCl4 administration induced peri-central inflammation with focal necrosis and hepatocellular vacuolization accompanied by aggregates of lymphocytes in both genotypes that appeared more severe in the null animals ( Figure 4 ).
Lumican Null Mice Are Protected Against Hepatic Fibrosis
Lumican null mice administered CCl4 over a period of 4 weeks exhibited less scarring and deposition of collagen as compared with the WT mice ( Figure 5 ) and additionally in another group maintained for 12 weeks (Supplementary Figure 4) . Digital image analysis of picrosirius red stained sections confirmed that percentage area of sirius red staining was significantly higher in WT mice than that of null animals (Po0.05; Table 3 ). Relative gene expression analysis however indicated that collagen gene expression was similarly upregulated in both null and WT animals but significantly increased over their respective controls (Table 3) . Hydroxyproline, on the other hand, was numerically lower in null animals (3.11±1.27 mg/100 mg) treated with CCl4 than in WT animals (3.40±2.39 mg/ 100 mg). There was however no statistically significant difference either in collagen gene expression or in hydroxyproline content between the two genotypes administered CCl4. Staining for ASMA, marker for activated stellate cells and myofibroblasts, the primary sources of collagen ( Figure 6 ) in the liver indicated significantly higher (Table 3) . With CCl4 treatment, TGFb1, the cytokine known to drive fibrosis was similar between genotypes (Table 3) .
Lumican Null Mice Are Characterized by Increased MMP13 and Increased Proliferation
The above observations suggested that the protective effect of lumican deficiency occurred downstream of stellate cell/ myofibroblast activation and collagen production. We therefore sought evidence of increased matrix turnover mediated by metalloproteases, MMP2, MMP9, and MMP13 that breakdown fibrillar collagen type 1. Of these, MMP13 was significantly (Po0.05) increased in lumican null animals. Of particular interest, MMP13 was the only gene significantly elevated (eightfold) in null animals treated with vehicle (Table 3) . Further, cell proliferation as measured by percentage of Ki67-positive cells was twofold increased (Po0.001) in null animals (25.8±7.7) as compared with their WT littermates (12.2±2.5; Figure 7 ).
Hepatic Collagen Fibril Structural Assembly is Impaired in Lumican Null Animals
Ultra-structural imaging indicated a marked difference in the structural organization of collagen fibrils in lumican null and WT animals. In null animals, collagen fibrils appear scattered, widely dispersed and of differing diameters (Figure 8a ). By contrast, in WT animals, collagen fibrils are evenly spaced and of uniform diameter.
Collagen Fibril Formation is Enhanced by the Addition of Recombinant Lumican
Collagen fibril formation was examined by measuring change in turbidity over time. When recombinant lumican protein was added to the medium, collagen fibril formation was enhanced and occurred sooner (Figure 8b) . Absorbance values for 10 and 20 mg of recombinant lumican measured over the 60-min assay time was minimal (0.006 ± 0.0001 and 0.007 ± 0.0008 for 10 and 20 mg, respectively). 
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DISCUSSION
In this study, we report on the in vivo modulation of lumican, an ECM proteoglycan, in the context of hepatic injury. Lumican is up-regulated in vivo in experimentally induced steatohepatitis and fibrosis and in clinical HCV. Taken together with our recent observation that lumican expression is progressively over-expressed with increasing severity of NASH, 3 this suggests that lumican up-regulation may be a common response to hepatic injury. Lumican expression was also increased in vitro in response to pro-fibrotic TGFb1 signaling. Further, in a rodent model of CCl4-induced hepatic fibrosis, lumican-deficient mice were protected against fibrosis despite ongoing injury, stellate cell/ myofibroblast activation, and collagen mRNA production. MMP13, a metalloprotease that degrades collagen was significantly up-regulated in null animals. Ultra-structural imaging indicated that collagen fibril assembly was impaired in null animals. These results collectively suggest that the protective effect of lumican deficiency was mediated through impaired collagen fibrillogenesis in conjunction with a rapid matrix turnover.
Lumican, along with other members of the SLRP family such as fibromodulin and decorin, has a well-documented role in collagen assembly. 24 Being closely associated with collagen, lumican has been detected in almost all tissue types. 11, [25] [26] [27] [28] [29] Lumican null mice are characterized by defects in the connective tissue. 30 Lumican has also been implicated in diverse pathologies, 4, 30, 31 often with opposing outcomes associated with both increased and decreased lumican expression. [31] [32] [33] [34] [35] [36] However, it is not known whether these differing outcomes are tissue or disease specific. Further, diverse functional roles have been demonstrated for lumican. 14, 16, 37 Very little however, is known about its role in the liver. In an experimental rodent model of thioacetamide-induced hepatic fibrosis, lumican expression remained unchanged. 38 Nevertheless, in the context of its association with collagen, the excessive accumulation of which is the hallmark of fibrosis, it appeared most likely that lumican may be regulated by pro-fibrotic signaling. In fact, the sum of our in vivo observations in genetically unaltered animal models and our in vitro observations indicated that lumican expression correlated positively with the pro-fibrotic cytokine 
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To better understand the functional role of lumican in the fibrotic response, we used the CCl4-induced model of hepatic fibrosis to investigate whether lumican deficiency could abrogate injury and fibrosis. We sought evidence of fibrosis in null and WT animals in the context of hepatic injury, inflammation, matrix remodeling, and proliferation.
Histological evaluation and liver enzyme profile indicated that lumican null animals were not protected against liver injury. However, there was less fibrosis in null animals as evidenced in picrosirius-stained sections ( Figure 5 ; Supplementary Figure 4 ) despite increased myofibroblast activation or similar levels of TGFb1 and collagen mRNA expression. Taken together, these results suggested that the protective effect of lumican deficiency occurred downstream of myofibroblast activation, inflammation, and collagen mRNA production. It is now well accepted that accelerated collagen synthesis is a critical response to cellular injury that is eventually terminated and resolved during the final phase of the wound healing response following restoration of tissue homeostasis. Fibrosis is considered to be the consequence of a failure to terminate this wound healing response. 22 A net increase in collagen-rich 'scar' tissue occurs when accumulation exceeds breakdown. 39 Fibrosis may thus reflect either an increase in collagen synthesis or a decrease in collagen degradation. In the present study, although we observed increased collagen gene expression in both null and WT animals, accumulation of collagen into a well-defined scar tissue occurred only in WT animals ( Figure 5 ; Supplementary  Figure 4) . We therefore sought evidence for this anomaly by looking at the (a) structural integrity of collagen and (b) mediators of collagen degradation, viz., the metalloproteases.
Ultra-structural imaging of liver in null animals indicated collagen fibrils that were both unevenly distributed and having variable diameters as compared with the uniformly packed and evenly distributed fibrils observed in WT animals. Both features have been previously demonstrated in the cornea, skin, and tail tendon 4, 6, 40 of lumican-deficient animals and our observation extends this characteristic feature of lumican null animals to the liver also. Lumican as well as other SLRP's, are known to bind collagen fibrils together, 41, 42 enhancing their stability and regulating the kinetics of collagen assembly. Structurally, lumican is horseshoe shaped, attaching to collagen fibrils via its concave surface. 43 In its absence, however, it is possible for other members of the SLRP family, particularly fibromodulin that binds to collagen at the same site as lumican 42 to compensate for lumican deficiency. We therefore assessed the WT and null animals for presence of fibromodulin. Fibromodulin was similarly expressed in CCl4-treated null and WT genotypes (Supplementary Figure 5) , further reinforcing previous observations on the relevance of lumican in maintaining a mature collagen structure. In rodent neonates, lumican was shown essential for the maturation of collagen fibril. 44 The lack of hepatic fibrosis in null animals may therefore have been mediated, at least in part, by impaired fibril assembly. Indirect evidence of the effect of lumican on collagen fibril formation is also provided here using the fibril formation assay. Recombinant lumican enhanced and hastened the formation of collagen fibrils when added to collagen corroborating earlier observations. 21 Poorly cross-linked collagen fibrils that are not fully functional are at risk for degradation by proteolytic enzymes. 45 We therefore sought evidence of matrix turnover mediated particularly by those proteases that degrade collagen, MMP2, MMP9, and MMP13. Among these, the interstitial collagenase MMP13, the rodent equivalent of human MMP1, was significantly increased (420-fold over the WT animals, Table 3 ) while MMP9 was similarly regulated in null and WT littermates. Interstitial collagenase MMP1/13 is known to orchestrate proteolytic degradation of fibrillar collagen to telopeptides that breakdown to gelatin derivatives for eventual clearance through urine. 46, 47 The shift in values for collagen-related data in the null animals as compared with their WT littermates: from a higher gene expression to lower hydroxyproline content would suggest that this mechanism is operational. Matrix molecules like lumican and fibromodulin that bind to collagen fibril at sites adjacent to the collagenase cleavage activity can sterically impede and retard this process, [48] [49] [50] with lumican being more resistant to MMP-mediated degradation than Lumican in hepatic fibrosis A Krishnan et al fibromodulin. 46, 48 Lumican null mice were characterized by poorly assembled collagen fibrils and increased levels of interstitial collagenase. This would suggest that while lumican contributed to collagen fibril stability making them more resistant to proteolytic degradation in WT animals; its absence in null animals enabled the reverse: exposing poorly assembled collagen fibrils to degradation by MMP13. Increased expression of MMP13 appears to be an inherent character of lumican null animals as this was the only gene whose expression was significantly different between null and WT animals administered vehicle alone: a response likely arising from the need to continuously remove poorly assembled collagen fibrils even in the absence of significant injury.
Timely replacement of dead and injured cells can accelerate the recovery phase after injury. In null animals, Ki67, a marker for cell proliferation was significantly increased (twofold) over that of WT animals, indicating that replacement of injured cells occurred more rapidly in null animals. These observations corroborate earlier studies where inhibiting gene expression of lumican enhanced cell proliferation. 10, 51 Cell proliferation was mediated by reduced expression of the cyclin kinase inhibitor, p21/Wakf 10 that was also observed in the current study (data not shown), suggesting induction of a similar pathway. The enhanced proliferation would have also contributed to faster recovery observed in lumican null animals over the long term.
Several features of the study warrant further investigation. In experimental models, lumican has been shown to be a versatile protein, interacting and binding with other proteins such as TGFb2, 52 FasL, 15 TLR4, 14 and integrins 37 thereby affecting downstream signaling. A delayed wound healing response has been demonstrated in lumican null animals following injury of the cornea 53,54 accompanied with delayed Figure 8 (a) Ultra-structural micrographs of healthy, age-matched Null and WT animals. In null animals, collagen fibrils are irregularly distributed and have unequal diameters. By contrast, in WT animals, collagen fibrils are of even diameter and are packed uniformly. Magnification: Â 80 000 (b). Collagen fibril formation was assayed spectrophotometrically with the addition of recombinant lumican protein. Collagen fibril was quantitatively enhanced and hastened by the addition of recombinant lumican and was dose dependent. recruitment of macrophages. As fibrosis is a response to cellular injury, most of these responses to experimentally induced acute injury, may involve pathways that have relevance to those leading to fibrosis. The increased expression of TGFb1 observed in null animals of the current study may thus have resulted from impaired binding of the secreted cytokine. Likewise, it appears that the kinetics of the wound healing response in the hepatic environment is differentially regulated in the null and WT animals. During normal wound healing, inflammatory cytokines, growth factors, acute phase proteins, matrix proteases, and several others peak and return to basal levels in distinct but overlapping phases to restore tissue integrity. 55 Animal models of induced fibrosis rely on repetitive doses of toxin to maintain a pro-inflammatory state. It is reasonable however, to presume that key genes involved in healing maintain their phased response in the intervals between toxin administrations. In the present study, all null and WT animals were given CCl4 twice weekly and sacrificed on the second day 36-40 h after the last injection. At this time point, the histology in WT animals as well as decreased expression of primary response genes such as TGFb1, ASMA, and collagen suggests an earlier restoration to basal levels. On the other hand, their increased expression in null animals would suggest either a persistent or a delayed activation of healing response. Nevertheless, it is worth noting that in null animals, the signals for increased proliferation and increased matrix turnover have already been triggered or enhanced contributing to an earlier clearance of collagen from the matrix and an earlier restoration of tissue integrity.
In summary, we present data that during the fibrotic process, the proteoglycan lumican contributes importantly to liver fibrosis by maintaining collagen fibril stability. We demonstrate that in the absence of lumican, hepatic accumulation of collagen can be attenuated. Lumican deficiency could also promote rapid proliferation and restoration of injured tissue. Lumican may therefore represent an attractive therapeutic target for the treatment of hepatic fibrosis.
